Electrical tuning of magnetism is of great fundamental and technical importance for fast, compact and ultra-low power electronic devices. Multiferroics, simultaneously exhibiting ferroelectricity and ferromagnetism, have attracted much interest owing to the capability of controlling magnetism by an electric field through magnetoelectric (ME) coupling. In particular, strong strain-mediated ME interaction observed in layered multiferroic heterostructures makes it practically possible for realizing electrically reconfigurable microwave devices, ultra-low power electronics and magnetoelectric random access memories (MERAMs). In this review, we demonstrate this remarkable E-field manipulation of magnetism in various multiferroic composite systems, aiming at the creation of novel compact, lightweight, energyefficient and tunable electronic and microwave devices. First of all, tunable microwave devices are demonstrated based on ferrite/ferroelectric and magnetic-metal/ferroelectric composites, showing giant ferromagnetic resonance (FMR) tunability with narrow FMR linewidth. Then, E-field manipulation of magnetoresistance in multiferroic anisotropic magnetoresistance and giant magnetoresistance devices for achieving low-power electronic devices is discussed. Finally, E-field control of exchangebias and deterministic magnetization switching is demonstrated in exchange-coupled antiferromagnetic/ferromagnetic/ferroelectric multiferroic heterostructures at room temperature, indicating an important step towards MERAMs. In addition, recent progress in electrically non-volatile tuning of magnetic states is also presented. These tunable multiferroic heterostructures and devices provide anisotropy determines the tunability of microwave performance. However, the demonstrated tunable range of most of these devices has been very limited, with a frequency tunability f less than 150 MHz and a low tunable magnetic resonance field of H less than 50 Oe [8, 35] . This is mainly due to the large loss tangents at microwave frequencies of the two constituent phases, which need to be optimized in all aspects, including individual magnetic phase, such as magnetostriction and magnetization, piezoelectric phase, mode of coupling and the way magnetic field and electric field are applied in order to achieve strong ME coupling. Here, we discuss significant E-field tuning of FMR in novel ferrite/ferroelectric and magnetic metal/ferroelectric composites.
Magnetic ferrites are widely used in microwave devices such as phase shifters, filters and resonators [36] . In our work, spin-spray deposition process is involved to produce highly crystalline thick spinel ferrite films with different compositions directly from aqueous solution at a temperature less than 90 • C [37] . It has been reported that spin-spray derived ferrite films exhibit high FMR frequency, low microwave loss tangents and high permeability, and have been applied in different RF/microwave magnetic devices. Because new chemical bonds are formed at the interface between the ferrite films and ferroelectric substrates, a strong interface adhesion is expected in ferrite/ferroelectric heterostructures which is critical for achieving a large ME coupling. We deposited spinel ferrite direction. E-field tuning of FMR was measured by an electron paramagnetic resonance system in field-sweeping mode, where the sample was placed in a rectangular cavity with working frequency of 9.3 GHz. The electric field was applied perpendicularly to the substrate and the magnetic field was applied along the in-plane [100] direction, which is perpendicular to the microwave propagation direction. As an electric field is applied, the PMN-PT singlecrystal substrate undergoes a compressive deformation along [100] direction. This strain can be coherently transferred to Fe 3 O 4 films and results in an effective magnetic field H eff through the magnetoelastic effect. In principle, H eff can be written as
where λ s is the magnetostriction constant of magnetic materials, Y is Young's modulus, d is the piezoelectric coefficient of ferroelectric materials, which could be positive (tensile) or negative (compressive), and M s is the magnetization [27] . Therefore, large λ s and d and small M s are required to achieve strong ME couplings. In practice, H eff can be quantitatively determined by FMR measurement as described in the Kittel equation of
where H r is the resonance field, f is microwave frequency and γ is gyromagnetic ratio. In field-sweeping mode (f is a constant), E-field-induced magnetic anisotropy H eff is quantitatively confirmed by observing the shift of the resonance field H r . In frequency-sweeping mode (H r is a constant), the resonance frequency f shifts upon the change in effective magnetic anisotropy. Figure 1 shows E-field dependence of FMR spectra in spin-spray-derived ferrite/ferroelectric multiferroic heterostructures. dP/dH represents the field derivative of the microwave power absorption in Fe 3 O 4 films in field-sweeping mode. Significant shifts of resonance fields up to H r = 600 Oe or H eff = −600 Oe, corresponding to a large microwave ME coefficient (dH eff /dE) of 67 Oe cm kV −1 , were observed in Fe 3 O 4 /PMN-PT(011) heterostructures as the electric field was applied from −3 to 6 kV cm −1 . According to equation (2.1), we relate this strong ME coupling to the large piezoelectric coefficient of PMN-PT(011) (d 31 = −1500 pC N −1 ), large magnetostriction of Fe 3 O 4 (λ = 35 ppm) and small magnetization (4π M s = 6000 G). In addition to electrical control of microwave performance in ferrite/ferroelectric heterostructures, metallic/ferroelectric microwave heterostructures also have been studied. Most recently, we reported a new class of microwave magnetic thin-film materials, FeGaB films, which have large magnetostriction constant and low saturation fields desired for multiferroic composite applications [38] . With changing the B doping level, amorphous phase FeGaB was produced and led to excellent magnetic softness with coercivity less than 1 Oe, narrow FMR linewidth of [16] [17] [18] [19] [20] Oe at X-band (9.6 GHz), large λ s of 50-70 ppm, high saturation magnetization of 11-15 kG, and a self-biased FMR frequency of 1.85 GHz. The combination of these properties makes the FeGaB films potential candidates for tunable ME microwave devices and other RF/microwave magnetic device applications. In our work, amorphous 100 nm thick FeGaB films were cosputtered on single-crystal PZN-PT(011) substrates at room temperature. A magnetic easy axis along the in-plane [01-1] direction was made as an external magnetic field of 100 Oe was applied along this direction during the film growth. An Au layer was deposited on the back side of the PZN-PT substrate as the bottom electrode. The sample was laid face down on a coplane waveguide with two ports connected to a network analyser as schematically shown in figure 2. Electric fields were applied perpendicularly to the substrates, and microwave propagation direction was along the magnetic easy axis [01-1]. E-field manipulation of microwave performance in FeGaB/PZN-PT was measured by the network analyser in the manner of sweeping frequency. Figure 2a shows electrical tuning of transmission coefficients S 21 , defined as forward voltage gain, in FeGaB/PZN-PT(011) structures. Upon increasing the voltage, the absorption peak position, representing the FMR frequency, exhibits strong electric field dependence [33] . The lowest FMR frequency is 1.75 GHz at zero electric field, and the highest is 7.57 GHz at 6 or 8 kV cm −1 . The total electrostatically tunable FMR frequency range is 5.82 GHz which is about two orders of magnitude higher than other reported values [35] . This large enhancement in resonance frequency upon applying electric fields also can be interpreted by equations (2.1) and (2. Figure 2b shows the E-field dependence of magnetic hysteresis loops as the magnetic field was applied along the [100] direction. The magnetization process turns out to be harder and shows a large change in magnetization saturation field from 10 to 700 Oe as the electric field was applied from 0 to 6 kV cm −1 . This is mainly due the large positive magnetostriction of FeGaB and the E-fieldinduced compressive strain along [100] direction, which results in a large negative H eff and magnetic hard axis along this direction. We have demonstrated strong ME couplings in ferrite/ferroelectric and magnetic metal/ferroelectric heterostructures, which can be used to control microwave performance and realize tunable RF devices. We also made many other multiferroic heterostructures in our laboratory for different applications. A summary of the ME coupling of them is shown in table 1. The largest E-field-induced H eff of 3500 Oe was achieved in terfenol-D/PZN-PT(011) structure owing to the enormous magnetostriction constant in the magnetic phase. The giant electrostatically tunable magnetic anisotropy as well as FMR frequency makes these multiferroic heterostructures great candidates for reconfigurable microwave multiferroic devices with ultra-low power.
Electrical tuning of magnetoresistance in layered multiferroic heterostructures for ultra-low power electronics
An energy-efficient approach to electrically modulating magnetoresistance has been demonstrated in multiferroic AMR and GMR heterostructures. A giant E-field-induced magnetic anisotropy caused by a strong ME coupling is used to control the orientation of magnetization and thus dynamically manipulate magnetoresistance in AMR and GMR devices [32, 34] . This can be expressed in the equation of the resistance as a function of H eff :
Here, H k and H d are magnetic anisotropy field and demagnetization field which are quite small in soft magnetic thin films, and θ is the angle between the magnetization and the current flow which highly depends on the external magnetic field H and H eff . 4c ). As E-field increases, the changes in magnetic hysteresis loops exhibit an opposite trend in both configurations, indicating that the electric-field-induced magnetic anisotropy results in a magnetic easy axis along [100] direction and hard axis along [01-1] direction. In addition, the coercive field was significantly enhanced by 100% in configuration I as an E-field of 6 kV cm −1 was applied. For pinned magnetic layer of Ni 80 Fe 20 , the hysteresis loops were barely changed under various E-fields owing to the near-zero magnetostriction constant [34] . Figure 4b , d shows the E-field modulation of GMR for both configurations. Typical magnetoresistance hysteresis loops with a GMR ratio of 3% were achieved for configuration I (figure 4b). The coercive field was found to increase by 100% upon applying an electric field of 6 kV cm −1 , which could enable a 180 • magnetization switching in Co layer as illustrated by the arrow lines. By taking advantage of this, magnetoresistance switching up to 3% was achieved by reducing the electric field under various magnetic fields of 55 Oe or −55 Oe. In configuration II, E-field dependence of magnetoresistance shows similar hysteresis loops to those observed in the magnetization process (figure 4c). We related this phenomenon to the E-field-induced magnetic anisotropy field, which leads to a maximum 90 • magnetization rotation. However, only half the GMR ratio was achieved in this configuration because of an E-field-induced 90 • magnetization rotation rather than 180 • magnetization switching. This result was different from the GMR change in configuration I, where a 180 • magnetization switching takes place owing to the E-field tuning of coercive field, which results in the maximum resistance change of 3%.
E-field control of exchange bias in antiferromagnetic/ferromagnetic/ ferroelectric multiferroic heterostructures
We have demonstrated previously that strain-mediated ME coupling in multiferroic composites leads to an E-field-induced magnetic anisotropy that results in a change in FMR and magnetoresistance. = 90°q = 60°q Figure 5 presents the E-field dependence of magnetic hysteresis loops for both configurations.
At zero E-field, an exchange bias field of 48 Oe was observed in the magnetic hysteresis loop for configuration I at θ = 0 • (figure 5a). On applying electric fields through the thickness direction of the PZN-PT(011) substrate, the magnetization of FeGaB turns out to be hard to saturate. This mainly arises for the E-field-induced negative H eff in the [100] direction. A slight reduction in exchange bias of H ex = −4 Oe was also observed. As an external magnetic field was applied along θ = 55 • , a much more pronounced E-field dependence of exchange bias was observed, exhibiting a remarkable downwards shift of the exchange bias from 45 to 3 Oe at an applied E-field of 6 kV cm −1 , as shown in figure 5b. At θ = 90 • , the magnetic hysteresis loops turn to a square shape due to the E-field-induced positive effective magnetic anisotropy along [01-1] direction, which was accompanied with a negligible change in the exchange bias field. In configuration II, an opposite trend of magnetic hysteresis loops and exchange bias shifts is observed at varying E-fields. An E-field-induced magnetic field along the magnetic easy axis was achieved without notable variation of exchange bias fields for θ = 0 • , as shown in figure 5d . However, for θ = 45 • and 60 • , significant enhancements of H ex from 33 to 50 Oe and from 22 to 70 Oe with H ex /H ex = 218% were achieved respectively as illustrated in figure 5e, f . Figure 6 displays the angular dependence of exchange bias H ex under various E-fields for both configurations I and II. A strong θ angle dependence of the exchange bias H ex on E-field was observed at intermediate θ angles between 0 • and 90 • . A maximum E-fieldinduced exchange field change of H ex = −42 Oe was observed at θ = 55 • for configuration I, as shown in figure 6a, whereas a significant enhancement of H ex up to 48 Oe was achieved, as shown in figure 6b, for configuration II. To further confirm the repeatability of exchangebias field shift under various E-fields, exchange-bias field versus switching number of E-field is shown in figure 6c at 0 and 6 kV cm −1 , indicating a robust and repeatable E-field-induced exchange-bias shift.
The giant E-field dependence of exchange bias in AFM/FM/FE heterostructures provides great opportunities for realizing electrically deterministic magnetization switching in FeGaB film, which constitutes one important step towards MERAMs, and has great potential in E-field writing of novel spintronics and memory devices [25] .
Electrical non-volatile tuning of magnetic states in layered multiferroic heterostructures
Magnetization non-volatile switching is of great fundamental importance for spintronic devices and information storage systems. Conventionally, it is realized by applying magnetic fields which are produced by large electric currents, or more recently with the spin torque effect by passing a spin polarized current through a magnetic film. Both methods require large current or current density, which make the system bulky, noisy and consuming a lot of energy. Therefore, an energy-efficient way of voltage-or electric field-induced non-volatile magnetization switching has attracted a lot interest in the past decade. It is well known that electric-field-induced phase transitions are very prominent in ferroelectric materials with compositions near the morphotropic phase boundary. For example, a rhombohedral-to-orthorhombic phase transition takes place in (011)-oriented PZN(6-7%)-PT under sufficient poling fields. Most of such phase transitions are non-volatile, where extra energy is required to overcome remnant states to return to initial states. Therefore, it is expected to display a hysteresis-type lattice change as a function of E-field. This effect can be used for realizing non-volatile spintronics and microwave devices based on multiferroic heterostructures. In our work, we deposited 50 nm thick FeGaB films on (011)-oriented PZN-PT substrates. The electric field was applied in the out-of-plane [011] direction, whereas the external magnetic field was applied along [01-1] direction. FMR spectra of FeGaB films were measured in fieldsweeping and frequency-sweeping modes. A positive H eff is expected due to the positive magnetostriction of FeGaB and E-field-induced tensile strain along [01-1] direction, which could drive FMR to high-frequency region or to low magnetic field region in frequency-or fieldsweeping mode, respectively. Figure 7 shows hysteresis loops of FMR field versus E-field with a working frequency of 12 GHz and FMR frequency versus E-field with a magnetic bias field of 50 Oe. Both of them exhibit a linear correlation at low electric fields, indicating no ferroelectric phase change taking place in PZN-PT(011). As the electric field reaches a critical threshold of E c1 ∼ 5.8 kV cm −1 , sudden changes in both resonance field and frequency are observed, suggesting the appearance of phase transition with a drastic lattice change and giant ME coupling effect. At high electric field, FMR field and frequency saturate with little strain variation. On reducing E-field from 8 kV cm −1 , the orthorhombic phase and strain state remains fairly stable until another critical field of E c2 ∼ 3 kV cm −1 is reached. Symmetric behaviour occurs when applying a negative E-field from 0 to −8 kV cm −1 . Such hysteretic type of E-field control of strain and magnetic states provides an opportunity to realize non-volatile FMR switching, which is extremely important in reconfigurable ME microwave devices.
E-field tuning of magnetization and non-volatile magnetization switching in FeGaB/ PZN-PT(011) is shown in figure 8 . The change in normalized magnetic hysteresis loops of FeGaB/PZN-PT(011) at various electric fields (figure 8a) implies that a large E-field-induced negative H eff is produced which makes the magnetization saturation harder in the [100] direction. As an external magnetic bias of 200 Oe was applied along the [100] direction, a hysteresis loop of the magnetization as a function of the electric field was observed as shown in figure 8b, which is consistent with the E-field-induced FMR hysteresis loops in figure 7 . This indicates that reversible and stable lattice change owing to the phase transition in PZN-PT takes place, which results in two remnant magnetization states. Voltage-impulse non-volatile switching of magnetization between two remnant magnetization states is demonstrated in figure 8c . An electric field of 5 kV cm −1 is applied as a bias. Field impulses (less than 1 s) of 3 and 7 kV cm −1 are applied alternately at a period of 75 s. As an E-field impulse of 3 kV cm −1 is applied, magnetization in FeGaB rises and remains at a high magnetization ratio of 95%. By contrast, the magnetization ratio is reduced and 
Summary
Electric field control of magnetic states, including magnetic anisotropy, FMR, magnetoresistance, exchange bias, as well as non-volatile magnetization switching, has been successfully demonstrated in multiferroic heterostructures. Giant FMR field-and frequency-tunable range with small linewidth observed in metal ferromagnetic/ferroelectric and spin-spray-deposited ferrite/ferroelectric heterostructures shows great opportunities for the next generation of electrostatically tunable microwave devices, such as filters, phase shifters, resonators, etc. In tunable multiferroic magnetoresistance devices, the resistance was modulated depending upon electrically rotating the magnetization directions by applying voltage rather than by applying magnetic field or current. This concept and design satisfies the ever increasing demands for faster, smaller and ultra-low power electronics and has a great impact on the magnetoresistance devices research area. In exchange-coupled multiferroic heterostructures, 180 • deterministic magnetization switching in ferromagnetic layers has been realized through electrically tuning the exchange coupling. This electric-field-induced 180 • deterministic magnetization switching is essential for MERAMs, where magnetic bits are switched by electric field. Some preliminary results on electrically induced non-volatile magnetization switching are also presented in this review, in which a voltage impulse can switch magnetization parentally. In a word, the effects of voltage-tuning magnetic states in multiferroic heterostructures are found to be extremely significant, which show great potential for delivering smaller, faster, ultra-low power electronic-and microwave-tunable devices.
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